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(54) Device comprising organic N-channei semiconductor material 

(57) The invention provides a device comprising an 
improved ncharmel semkxxiducting film, the film 
formed from a fused-ring tetracarboxyfic diimide com- 
pound which exhibits a field effect electron mobility 
greater than 0.001 cmfrVs. advantageously greater 
than 0.03 cmfrVs. in film form. Contemplated com- 
pounds include naphthalene 1 .4,5,8 tetracajrbaxy&c arid 
dnmides. naphthalene 2,3.6,7 tetrararboxyfic arid diim- 
ides, anthracene 2.3.6.7-tetracarboxyfic acid dfirrrides, 
and heterocyclic variants thereof. The n-chaimel com- 
pounds are capable of being significantly soluble in 
common organic solvents, allowing for solution deposi- 
tion of active semxxxxfuctor f3ms, and are also capabrfe 
of possessing significant volatility, such that vapor 
phase deposition, where desired, is relatively facile. It is 
ateo possible for the compounds to display the desirably 
high n-charmel mobilities and onfoff ratios even when 
in air. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application is a contimjation-in-part of s 
U.S. application Serial No. 09/2801 03 filed on March 29. 
1999. 

BACKGROUND OF THE INVENTION 

10 

Field of the Invention 

[0002] The invention relates to devices containing 
organic semiconductor materials, in particular thin f 3m 
transistors containing such materials. w 

Discussion of the Related Art 

[0003] Organic thin film transistors (TFTs) are 
expected to become key components of the plastic cir- 20 
cuitry in. among other things, display drivers of portable 
computers and pagers, and rnernory elements of trans- 
action cards and identification tags, where ease of fab- 
rication, mechanical flexibility, and moderate operating 
temperatures are important considerations. A typical 2s 
organic TFT is shown in Fig. 1. The TFT contains a 
source electrode 10. a drain electrode 12. a gate elec- 
trode 14. a gate dielectric 16. a substrate 18, and the 
serriconrtictor material 20. When the TFT operates in 
an accumulation mode, the charges injected from the 30 
source 10 into the semiconductor are mobile and con- 
duct the source-drain channel current, mainly in a thin 
channel region within about 100 Angstroms of the sem- 
iconductor-dielectric interface. (See, e.g.. M.A. Alam et 
al., "A Two-Dimensional Simulation of Organic Transis- 35 
tors." IEEE Transactions on Electron Devices. Vol. 44, 
No. 8 (1997).) In the configuration of Fig. 1, the charge 
need only be injected laterally from the source 10 to 
form the channel, m the absence of a gate field, the 
channel ideally has few charge carriers, and there is 40 
ideally no source-drain conduction. The off current is 
defined as the current flowing between the source 10 
and the cfrain 1 2 when charge has not been intentionally 
injected into the channel by the application of a gate 
voltage, and tor an accumulation mode TFT, this occurs 46 
for a gate-source voltage more positive (for p-channel) 
or negative (for n-channe0 than a certain voltage known 
as the threshold voltage. (See, e.g . S.M. Sze. Semkxxv 
rti trior Devices - Physics and Technotoov. John Wiley & 
Sons (1985).) The on current is defined as the current so 
flowing between the source 10 and the drain 12 when 
the channel is connecting- For a p-channel accumula- 
tion-mode TFT, this occurs at a gate-source voltage 
more negative than the threshold voltage, and for an n- 
charme! accumulation mode TFT, this occurs at gate- ss 
source vortage more positive than the threshold voltage 
It is desirable for this threshold voltage to be zero, or 
sfightJy positive, for n-channel operation. Switching 



between on and off is accomplished by the application 
and removal of an electric field from the gate electrode 
14 across the gate dielectric 16 to the semiconductor- 
dielectric interface, effectively charging a capacitor. 
[0004] Organic semiconductors provide the switch- 
ing and/or logic elements in such TFTs. Significant 
progress has been made in the development of these 
semiconductors, with mobilities well above 0.01 crrftVs 
and on/off ratios greater than 1000 demonstrated for 
several classes of compounds, including compounds 
capable of operation in air. With these properties, TFTs 
are capable of use tor applications such as pixel drivers 
for displays and identification tags. However, most of the 
compounds exhibiting these desirable properties are p- 
type. meaning that negative gate voltages, relative to 
the source voltage, are applied to induce positive 
charges (holes) in the channel region of the device. 
[0005] Yet, one important type of TFT circuit, known 
as a complementary circuit, desirably contains an re- 
type semiconductor material exhibiting desirable prop- 
erties. (See. e.g., A. Dodabalapur et al.. "Complemen- 
tary circuits with organic transistors." Appl. Phvs. Lett, 
vol. 69. No. 27, 4227 (1996).) The fabrication of comple- 
mentary circuits requires at least one p-channel TFT 
and at least one nchannel TFT (n-channel indicating 
that positive gate voltages, relative to the source volt- 
age, are applied to induce negative charges into the 
channel region of the device). In particular, simple com- 
ponents such as inverters have been realized using 
complementary circuit architecture. Advantages of com- 
plementary circuits, relative to ordinary TFT circuits, 
include lower power dissipation, longer lifetime, and bet- 
ter tolerance of noise. It is often desirable to have the 
mobility and on/off ratio of an n-channel device be of 
similar magnitude to the mobility and on/off ratio of a p- 
channel device. Hybrid complementary circuits using an 
inorganic n-channel semiconductor are known, as 
reflected in A. Dodabalapur et al., Aool. Phvs Lett ., Vol. 
68. 2264 (1996), but tor ease of fabrication, an organic 
n-channel semiconductor material is desired. 
[0006] Only a limited number of materials have 
been developed for the n-type component of such 
organic complementary circuits, however. Specifically, 
buckminsterfulterene (Ceo) exhibits a mobility of 0.08 
crmVVs but is unstable in air. Perftuorinated copper 
phthaiocyanine has a lower mobility, about 0.03 crmVVs. 
but is generally stable to air operation. Other n-channel 
semiconductors, including some based on naphthalene 
frameworks, have also been reported, but with lower 
mobilities. (See, ag., J.G. Laqiindanum et al., "n-Chan- 
nel C>rganic Transistor Materials Based on Naphthalene 
Frameworks.- J Am Chem. See. Vol. 118, 11331 
(1996).) One such naphthalene-based n-channel semi- 
conductor. tetracyarx)naprTthc<uii (TCN- 
NQD). is capable of operation in air, but the material has 
displayed a tow on/off ratio and is also cfiff'icuft to pre- 
pare and purify. Moreover, there have been no rvchan- 
neJ organic materials capable of being deposited onto a 



3 



EP 1 041 653 A2 



4 



substrate from solution, e.g. , as opposed to sublimation, 
and many organic n -channel materials are actually 
highly insoluble or unstable to dissolution. In adoption, 
the high-mobility (>0.01 crr^/Vs) compounds previously 
reported are highly absorbing in the visible region of the 
spectrum. 

[0007] Due to the advantages offered by comple- 
mentary TFT circuits, improved organic rvchannel 
materials are desired, in particular organic n-channel 
materials exhibiting high performance, easy processa- 
bjlity, and stability in air, and, advantageously, also 
transparency to vjs&le light. 

SUMMARY OF THE INVENTION 

[0008] The invention provides a device comprising 
an improved n-channel semiconducting film. The n- 
channel serrtconductirig film comprises a fused-ring tet- 
racarboxytic diimide compound which exhibits a field 
effect electron mobility greater than 0.001 crrf/Vs, 
advantageously greater than 0.03 crrf/Vs in film form. 
Mobilities exhfcrted are among the highest reported for 
n-channel materials, e.g., in the range of 0.001-0.16 
crrr^/Vs. In addition, the n-channel film of the invention is 
capable of providing on/oft ratios of at least 100, advan- 
tageously at least 1000, more advantageously at least 
50,000 (with the off current measured with a zero or 
positive gate-source voltage and a rjrain-sourc* vottage 
between zero and 100 vorts, the on current measured 
with a gate-source voltage at or below 100 V and a 
drain-source voltage between zero and 100 vorts, not 
exceeding the drain-source voltage used for measuring 
the off current, and employing a gate dielectric with a 
capacitance of 1.1 x 10" 8 F/cm 2 ). 
[0009] Contemplated compounds include naphtha- 
lene 1,4.5,8 tetracarboxylic acid diimides, naphthalene 
2,3,6,7 tetracarboxyfic acid cfiimides. anthracene 
2.3.6.7-tetracarboxylic acid diimides, and heterocyclic 
variants thereof. One advantageous group of com- 
pounds is naphthalene 1,4,5.8-tetracartxwyfic add 
diimides with linear chains of four to twelve saturated 
atoms, generally carbon atoms, affixed to each of the 
two imide nitrogens. In another advantageous group, 
instead of the linear chains, the compounds have an 
electron deficient benzyl group attached to each of the 
two imide nitrogens. The cxwnpounds are shown below, 
where R designates such linear chains or benzyl 
groups. 




15 R 



Advantageously, at least a portion ol the substrtuents on 
20 the carbons of the linear chains or benzyl groups are 
fiuoro substrtuents, which appear to improve the capac- 
ity for operation in air. 

[0010] The rr-channel semiconductor compounds of 
the invention offer advantages over other, previously 

25 reported n-channel compounds. For example, the com- 
pounds are capable of being significantry soluble in 
common organic solvents, allowing for solution deposi- 
tion of active serniconductor films. The compounds are 
also capable of posse s sing significant volatility, such 

30 that vapor phase deposition, where desired, is relatively 
facile. It is possible for the compounds to display the 
desirably high n-channel mobilities and on/off ratios 
even when operated in air. Also the n-channel films are 
capable of being formed such that they are relatively 

36 transparent to visible light In addition to individual tran- 
sistors, rt is possible to form a useful complementary cir- 
cuit, e g , an inverter circuit, using the n-channel organrc 
compounds of the invention. In fact, according to the 
invention, it is possftxe to form a complementary circuit 

40 by solution deposition of both the p-charmel and n- 
charmel semiconductors, where the resut!artrircuit<fis- 
plays useful inverter activity and is operational in air. 

BRIEF DESCRIPTION OF THE DRAWINGS 

46 

[0011] 

Fig. 1 illustrates a typical organic thin film transistor. 
50 DETAILED DESCRIPTION OF THE INVENTION 



[0012] The invention provides a device comprising 
an improved n-channel semicorxtucting film, the fam 
comprising a fused-ring tetiacarboxylic diimide com- 
55 pound which exhtxts a field effect electron mobility 
greater than 0.001 cmfrVs. Advantageously, the mobil- 
ity is greater than 0.03 cmfrVs. In addition, the n-chan- 
nel fBm of the invention is capable of providing on/off 
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ratios of at least 100, advantageously at least 1000, 
more advantageously at least 50,000. Moreover, these 
properties are attainable in air, i.e.. during exposure of 
the device and/or the fflm to air. 
[0013] The compounds of the invention take into 
account several parameters that contribute to desirable 
properties. The lowest lying unoccupied molecular 
orbital of the compound is at an energy that allows for 
injection of electrons at useful voltages from metals with 
reasonable work functions. The solid state structure of 
the material has the individual molecules packed such 
that the orbrtals of the conjugated system (containing 
the aromatic rings and/or the irrude carbonyl groups) of 
adjacent molecules are able to interact leading to high 
crystal mobility. The direction of this interaction has a 
component parallel to the direction of desired current 
flow in a device using this material as the active layer. 
The morphology of the flms formed by the material is 
substantially continuous, such that current flows 
through the material without unacceptable interruption. 
In addition, to confer the advantages of facile process- 
ing from solution and/or stability to operation in air. the 
compound structures allow the materials to assemble 
into active films from solution. It is ateo posstote to form 
films that are not unduly sensitive and/or permeable to 
erivironmental contaminartts such as oxygen and water 
vapor. 

[0014] In particular, the compounds of the invention 
contain a conjugated core structure having two or more 
fused aromatic rings along with electron withdrawing 
dicarboxylic add imide substrtuents. This conjugated 
structure generally has a desirable lowest unoccupied 
molecular orbital (LUMO) energy level of about 3.5 to 
about 4.6 eV with reference to the vacuum energy level. 
(As known in the art, LUMO energy level and reduction 
potential approximately describe the same characteris- 
tics of a material. LUMO energy level values are meas- 
ured with reference to the vacuum energy level, and 
reduction potential values are measured in solution ver- 
sus a standard electrode. The allowable range for both 
parameters according to the present invention is about 
1.1 eV. Thus, either property may be used to define the 
compound of the devices of the present invention. As 
also known in the art, def ining reduction potential in 
terms of a standard electrode means that the reduction 
potential is measured relative to electrode potential. A 
standard calomel electrode commonly used is 4.2 eV In 
the case of a 4.2 eV calomel electrode, the reduction 
potential equivalent to a LUMO energy level of about 3.5 
to about 4.6 eV is about -0.7 to about 40.4 eV versus 
standard calomel electrode, As known in the art LUMO 
energy level is typically measured by analyzing pho- 
toemission spectra, e.g.. x-ray or ultraviolet and reduc- 
tion potential is typically measured by electrochemical 
potential scanning) 

[0015] TypicaDy, a combination of two dicarboxylic 
acid imide groups and two or three fused aromatic rings 
provides useful properties, as in naphthalene tetracar- 



boxytic acid dii nudes and anthracene tetracarboxyfic 
acid dumides. Contemplated compounds include naph- 
thalene 1.4,5.8-tetracarboxytic acid diimides, naphtha- 
lene 2,3,6,7 tetracarboxytic acid diimides and 

5 anthracene 2,3,6,7-tetracaiboxylic acid diimides. It is 
possfole for some of the carbons of the aromatic rings to 
be replaced by heteroatoms. or for some of the carbons 
of the rings to be halogenated or otherwise contain 
small substrtuents - subject to the requirements that the 

io orbital energies be within the useful range and that the 
compounds be chemically, photochemicaJry. and ther- 
mally stable. The aromatic cores should not to 
that the compounds become difficult to process from 
solution or at ambient temperatures, and maintaining 

, 5 less than 8 fused rings (counting both the fused aro- 
matic rings and the cyclic imide groups) is therefore 
desirable Naphthalene 1.4,5.8 tetracamoxylic acid 
diimides have been shown to be useful, in particular 
N,N'-bis(1H. 1 Hperfluorooctyf)-. N.N'-bisOH.I H-per- 

20 ftuorobutyO-. and N.N'-cfioctyl naphthalene-1,4,5,8-tet- 
racarboxyfic acid rJimide derivatives (where H indicates 
a chain position that is not ftuorinated while the other 
chain positions are fully substituted with f tuoro groups), 
as well as N,N4>is{4-triftuorome^ 

25 1 ,4,5,8-tetracarboxyfic acid cSimide. 

[0016] The molecules are substituted with groups 
that allow for close packing of the conjugated cores, and 
that induce assembly of the compounds into thin fitms 
with useful molecular orientation and bulk morphology, 

30 particularly from solution. Linear chains having a length 
of four to twelve atoms are typically useful, with chains 
of 8 atoms being particularly useful. Electron-deficient 
benzyl rings are similarly useful. It is convenient and 
beneficial to attach these chains to imido nitrogen 

35 atoms of dicarboxylic acid imide substrtuents on the 
conjugated cores. 

[0017] It is advantageous to avoid substrtuents that 
tend to interfere with close approach of the conjugated 
cores. Such substrtuents include branched substrtuents 

40 such as tertiary butyl gnxps, and aromatic rings, where 
such groups or rings are oriented in such a way that the 
substrtuents pose a srgrirficarrt steric barrier to arrange- 
ments of the ring cores that are favorable for electron 
transfer among molecules. It is possWe for substrtuents 

45 to be oriented out of the plane of the cores but still not 
interfere with their dose approach rf suitable stacking 
geometries are possible. It is also possible that property 
selected substrtuents wiO promote this desired dose 
approach. In addition, chains longer than twelve atoms 

so are possfcie, but tend to tower the soruttfity and/or vola- 
tility of the compounds. 

[0018] The n-charme! sernxxxxtuctor compounds of 
the invention exhtort decreased sensitivity and/or per- 
meability to oxygen. In one approach, this characteristic 
56 is provided by incorporating additional electron with- 
drawing substrtuents, such that the lowest unoccupied 
molecular orbital is at the higher end of the energy 
range (injected electrons more stable) relative to vac- 
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uum. Suitable substituents include heavily fluorinated 
aJkyt chains and electron-deficient benzyl groups. Such 
groups provide an etectron-withdrawal effect that is 
inductive in nature. A limitation to this approach is that if 
the orbital energy is too high, such that a radical anion 
formed from the compound is too stable, the compound 
becomes susceptible to unintentional n -doping, leading 
to high off currents and lower on/off ratios. In fact, this 
limitation is found in the prior art compound TCNNQD, 
noted above. 

[0019] In a second approach, the substrtuent 
attached to the imide nitrogens is designed to fill as 
much space as possfote in the crystal, other than the 
space already occupied by the conjugated aromatic 
cores, subject to allowing the conjugated systems to 
interact. This is typically accomplished by increasing the 
effective cross-section of the linear chain, for example 
by incorporating fiuoro substituents on at least some of 
the carbon atoms of the chain One result of doing so is 
to hinder access to the active parts of the device, partic- 
ulariy the interfeciaJ regions near the source and drain 
electrodes and near the dielectric (the channel region) 
to deleterious environmental agents such as oxygen 
and water. In addition, incorporation of heteroatoms 
such as oxygen atoms, instead of some of the carbon 
atoms in the chains, is contemplated. When using 
chains containing fiuoro substituents, it is useful for all 
atoms of the chain to have attached fiuoro substituents 
except the chain atom that is attached to the frride nitro- 
gen. Useful chains having such fiuoro substituents 
include 1H,1H-perftuorooctyi and 1H,1H-perfluorobutyl, 
with H having the above-specified meaning. 
[0020] It is also possible to form naphthalene 
1 ,4,5,8-tetracarboxyltc diimides that are substantially 
transparent in the visible region of the spectrum. Specif- 
ically, the compound advantageously exhibits an extinc- 
tion coefficient c less than 1000 at visible wavelengths 
above 450 nrn. (See, e.g., M. Adachi et af.. "Spectral 
Simflarity and Difference of Napftthalertetetjacarboxylic 
Dianhydride. Perytenetetracarboxylic Dianhydride, and 
Their Derivatives," JL Phvs. Chem.. Vol. 99. 14240 
(1995).) Thus, according to the invention, it is possible 
to form an n-type semiconductor compound exhibiting 
the combination of a mobility greater than 0.01 crmVVs 
and substantial transparency in the vis&le region of the 
spectrum. 

[0021] The n-charmet semiconductor fims are 
capable of being formed on any suitable substrata 
Examples of such substrates include silicon dioxide, 
other oxides such as alumina, glass, eg., spin-on glass, 
and c5 electric polymeric materials, e.g.. BquxJ phase 
processable materials such as potyirrides. A variety of 
gate and electrode materials, as known in the art are 
also suitable, including printable materials such as car- 
bon ink or sitver-epoxy. various contact conftguratjons 
are also contemplated. 

[0022] The semiconductor films of the invention are 
deposited onto a substrate by any suitable method. As 



reflected in the examples, deposition into a film from 
solution is possible, e.g., by techniques such as dis- 
closed in co-filed, co-assigned application entitled 
"Process for Fabricating Organic Circuits" (our reter- 
5 ence Katz-Li 30-1). Deposition by a rapid sublimation 
method is also possible. One such method is to apply a 
vacuum of 10 3 - 10~ 4 torr to a chamber containing a 
substrate and a source vessel that holds the compound 
in powdered form, and heat the vessel over several soc- 
io onds until the compound sublimes onto the substrate. 
The mobility of such f ilms is capable of being increased 
by carefully controlling the heating rate, maximum 
source temperature, and/or substrate temperature dur- 
ing the process. Conventional sublimation is also possi- 
J5 Die. Generally, the most useful compounds form as well 
ordered films, with amorphous films being less useful. 
[0023] Devices for which the n-channel semicon- 
ductor films of the invention are useful include single 
thin film transistors and complementary inverter circuits. 
20 Other devices in which TFTs are useful, such as ring 
escalators, and more complex circuits, eg., shift regis- 
ters, are also possible. 

[0024] The invention will be further clarified by the 
following examples, which are intended to be exem- 
25 plary. 

Synthesis Procedure 

[0025] Synthesis of naprrthalenetetracarboxyBc 
30 acid diimides: A mixture of naphthalene tetracarboxyBc 
acid dianhydride (available from Aldrich Chemical Com- 
pany), a 50-100% excess of an amine (per anhydride 
group), i.e., 1H.1H-perfluofO0Ctylamine, octylamine, or 
1 H, t H-perftuof obutyiarrtine (available from Aldrich or 
35 Lancaster Synthesis), zinc acetate (0.8 equivalents per 
dianhydride molecule), and 10-15mL of quinoiine per 
gram of dianhydride molecule was heated over several 
hours until a temperature of about 220°C was reached. 
The mixture was allowed to cool, and rxectoitated solids 
40 were collected, washed with 50- lOOmL (per gramofini- 
tJal dianhydride) each of boiling 2% aqueous Hs^O^, 
boiling water, and totuene kept below the temperature at 
which the product would be substantially dissolved. The 
solid was then sublimed at 10 3 to 10 4 torr 

45 



[0026] A sflicon substrate coated with 3000 Ang- 
stroms of SK)2 was loaded into a vacuum chamber on a 

so tenperature-controlled copper block. The temperature 
of the block was capable of being raised, and a film of a 
naphthalene tetracarboxyiic acid cMde compound 
was evaporated onto the substrate, generally about 500 
Angstroms thick. A small region of the f3m and oxide 

55 was scratched away, and gold source and drain elec- 
trodes and a gate contact were then deposited through 
a shadow mask. (1000 A thick gold typically provided 
useful contact) Mobilities and on/off ratios were deter- 
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mined from devices of width to length ratios of about 4 
to 20. scanning a range of zero to 100 volts tor both the 
drain-source and gate-source voltages. 

Example 1: 5 

[0027] For N,N'-bis(1 H, 1 Hi>erf luorooctylhnaprrtha- 
lene-1,4.5,&-tetracarboxylic acid diimide, with the cop- 
per block at 70°C. a mobility of 0.06 cnr^/Vs and an 
on/off ratio of 300.000 were obtained When the block io 
was left at ambient temperature (about 25°C). the 
mobility was 0.01 crrfrVs and the on/off ratio was 
20,000. At 53°C, the mobility was 0.02 crr^/Vs and the 
on/off ratio was 50,000. At 100°C, the mobility was 0.03 
crrfVVs and the on/off ratio was above 100.000. All is 
properties were measured in air. 

Example 2: 

[0028] Using N.I^4>is(1HJh4i)erfluorc*xjtvl>napf>- 20 
thalene-1.4.5,8-tetracartxx(ytic acid diimide, at 68°C 
the mobflrty was 0.01 crrr^A/s, with an on/off ratio of 
40.000, measured in air. 

Example 3: 25 

[0029] For N.N'-dioctyt naphthalene-1 ,4.5.8-tet- 
racarboxyHc acid diimide, the mobility was between 0.1 
and 0.2 cnf/Vs, when measured under high vacuum 
after several days' pumping with a turbopump. The 30 
on/off ratio under these conditions was 300,000. 

Example 4: 

[0030] For N,N'-bis(4-friftiiorometh^^ 36 
lene-1,4,5,8-tetracarboxyIic acid diimide deposited with 
the block at 98°C. the mobility was 0.09 cmfrVs, The 
on/off ratio was 100. With the block at 90*C. the on/off 
ratio was 180. (And. also tor this 90°C temperature, 
when a gate voltage of -60V was used for the "off" con- 40 
cfifon (with the device electrically isolated), the on/off 
ratio was 30,000.) 

sol epoated ^ 

Example 4: 

[0031] A solution of N,N'-bts(1 H.1 l+perfluorooc- 
tyl)naphthalene-1,4.5,Wetracartx«yfc dirnkte, 400 
parts per million by weight, in a.a.a-trifiuorototoene. so 
was prepared by gentle heating. This sotution was cast 
onto a aficort/SrOz substrate that had been preheated 
to about 100°C. The solvent evaporated within about 2 
minutes. A 1 cm 2 region of the substrate became 
coated with a thin deposit that showed signif icant n- 55 
channel activity when tested with gold electrodes as 
above. The highest mobility obtained was 0.07 crr^/Vs 
measured in air with a device width/length ratio of 1.7. 



although other parts of the area showed mobility an 
order of magnitude lower. 

Example 5: 

[0032] A 200 pom solution of N,N'-bis(1 H, 1 H-per- 
fluoroc<^)naprrtnalene-1 ^.S.^etracarboxylic dfimide 
was used, on a substrate that was additionally treated 
with mostly monomeric 1H,1H2H.2r4i>erfluorodecyrtri- 
ethoxysilane, 0.5% solution in xylene, tor 15 minutes at 
70°C. The mobility was about 0.005 cnfVvs measured 
on the same sized device as Example 4, but the mobility 
varied by less than a factor of three over the entire 
active area. 

Example 6 - Fabrication of Complementary Circuit: 

[0033] An uncoated region of the 400 ppm. 
untreated substrate sample from Example 4 was used 
to cast a film of 5.5'--t»iexy»-2.2'.5'^-,5'^-,5-.2-- 
c^nc^etfBophene from a 400 ppm toluene solution at 
100°C under vacuum, as described in co-filed applica- 
tion "Process tor Fabricating Organic Circuits", dis- 
cussed above. Gold electrodes were deposited on the 
thienyl compound. Inverter circuits were constructed by 
connecting the drain electrode of a cfiimide device with 
the drain electrode of a thienyl device, and forming an 
output contact from the connection. The effective W/L 
ratio of the thienyl devices ranged from 1.7 to 0.1. The 
output was switched between ±0-10 vote and ± 68-98 
volts by sweeping the gate over a range of 60 volts and 
applying a voltage of 100 volts to the source of the 
thienyl device, or -100 volts to the source of the diimide 
device. Output voltage differentials as high as 95 volts 
and gains as high as 10 were observed. 

[0034] A device was fabricated by mounting a 
Si/SiOz substrate and N.r^-bis(lH.1H-perfluorooc- 
ty0naphtrialene-1A5.8-tetracarba<^ ackf dfimide 
source in a beO jar evaporator. The pressure was tow- 
ered to below 10 3 torr. but above 10* torr. The source 
was heated, and sublimation began within 20 seconds. 
A film of material was deposited onto the substrate in 
about 5 seconds. The source was allowed to cod. and 
carbon electrodes were painted onto the tarn with a 
paint brush using carbon black suspended in isopropa- 
nd. The sarrjde was heated for 5 seconds to about 70 
degrees to remove solvent. The mobility was 0.003 
ctt^/Vs and the on/oft ratio was about 300. 
[0035] Other embodiments of the invention wBI be 
apparent to those skilled in the art from consideration of 
the specification and practice of the invention disclosed 
herein. 
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Claims 

1. A device comprising an n-channel semiconducting 
fBm, wherein the film comprises a fused-ring tet- 
racarboxylic dnmide compound and wherein the 
fBm exhibits a field effect electron mobility greater 
than 0.001 crrf/Vs. 

2. A process for fabricating a device, comprising the 
step of depositing onto a substrate an n-channel 
serrnconducting film that comprises a fused-ring 
tetracarboxylic diimide compound, such that the 
film exhibits a field effect electron mobility greater 
than 0.001 cnftos. 

3. The device of claim 1, wherein the device com- 
prises a thin film transistor that comprises the n- 
channel semiconducting film. 

4. The device of daim 3, wherein the n-channel semi- 
conducting fflm exhibits an on/off ratio of at least 
100, or at least 1000. 

5. The device of claim 1, wherein the mobility is 
greater than 0.03 crr^/Vs, or is exhSxted during 
operation of the device in air. 



10. The device of claim 9, wherein the chains or benzyl 
groups or substituerrts on the benzyl groups com- 
prise at least one ftuoro substituent, or the chains 
comprise 1H.1H-perfluoroocty! or 1H.1H-pemuor- 

5 obutyl. 

11. The device of claim 10. wherein the atom of the 
chains attached to an imtde nitrogen is free of a 
f luoro substituent, and wherein each atom distant 

w from the imide nitrogen is attached to a f luoro sub- 
stituent 

12. The process of claim 2. wherein the compound is 
deposited by a technique selected from subti ma- 
rs fon, solution phase deposition, and rapid sublima- 
tion, and wherein the substrate temperature is no 
more than 100°C during the deposition. 

13. A device comprising an n-channel semiconducting 
20 tarn, wherein the film exhfcits a field effect electron 

mobility greater than 0.01 crrfVVs, and wherein the 
compound exhfcrts an extinction coefficient less 
than 1000 at visible wavelengths above 450 nm. 

25 14. The device of claim 13.wherein the fBm comprisesa 
naphthalene 1.4,5.8 tetracarboxylic acid diimide. 



6. The device of claim 3. wherein the device com- 
prises a comp l ementary circuit, or a complemen- 
tary inverter circuit 30 

7. The device of claim 1, or the process of claim 2. 
wherein the compound comprises a naphthalene 
structure or an anthracene structure. 

35 

8. The device or process of claim 7, wherein the com- 
pound is selected from a naphthalene 1.4.5.8 tet- 
racarboxylic arid diimide. a naphthalene 2,3.6.7 
tetracarboxylic acid diimide. an anthracene 2,3,6,7 
tetracartxwytic arid dnmide. and heterocyclic varia- ao 
tions of the naphthalene or anthracene diirnides. or 
the compound comprises a 1,4.5,8-naphtitalenetet- 
racaiboxylic arid dnmide, or the compound has less 
man eight fused rings, or the compound is selected 
from a N,N--bts(1 H.1 Hi>erfnjc<c<)ctyl)- naphtha- 45 
lene-1.4.5.8-te*acarbc*ync acid diimide, a N,N*- 
bis(1H.1H-perftuorobutyl)-naphm^ 

racarboxyJic arid dnmide, a N.lsr-tfoctytnaphtha- 
lene-1 .4,5,8-tefracaiboxytic arid diimicte. and N.N'- 
bis(4-trifnjoromethylbenzyl) naphthalene-1 .4.5,8- so 
tetjacarboxyhc acid dnmide. 

9. The device of claim 1, wherein substituerrts 
attached to the imide nitrogens comprise linear 
chains or electron efficient benzyl groups, or the 55 
substrtuents comprise chains having a length of 4 to 

12 atoms, or having a length of 8 atoms 
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